Variations in the rotation of the Earth include changes in the rate of rotation (altering the Length of the Day, LOD), in orientation of the rotation axis relative to a terrestrial frame (Polar Motion, PM) and in orientation relative to a celestial frame due to external torques (Nutation and Precession). Variations occur over a wide range of time scales, from hours to the age of the Earth. Scientific interest in and understanding of Earth rotation variations have proceeded rapidly over the last several decades due, in large part, to enormous improve ments in observations by space geodetic means, including satellite laser ranging (SLR), very long baseline interferometry (VLBI), lunar laser ranging (LLR), and satellite position ing methods, especially the global positioning system (GPS). The study of the Earth's rotation is a mature interdisciplinary field, and extensive reviews of many aspects of the field are contained in the AGU monographs 'Contributions of Space Geodesy to Geodynamics' (Smith and Turcotte, 1993). Articles by Eubanks (1993), Dickey (1993), Hide and Dickey (1991), and monographs by Lambeck (1988 Lambeck ( ,1980 and Munk and Mac Donald (1960) provide excellent background material on these problems, as well. The reader may also wish to review other IUGG Report articles in this series on related subjects, specifically those on the global gravity field, VLBI technol ogy, satellite orbit dynamics, and GPS.
1, 2, and 3 are components along these axes. Earth rotation variations are excited by the motion of air and water as they exchange angular momentum with the solid Earth, while con serving absolute angular momentum within the Earth system. The linearized Liouville equations, expressing this conserva tion of angular momentum are, following Gross (1992), and Barnes et al, (1983) [
1.00]AI(t)/(C-A) + [1.43] h(t)/Q(C-A) = (i/a c )(dm(t)/dt)+m(t)
(1) (1) comes from the use of complex notation to describe polar motion, in which the real axis is identified with the Greenwich meridian and the imaginary axis with 90 degrees East longi tude. In this notation, m is the quantity (mi + i m2). Other terms in (1) and (2) are: relative angular momentum in the Earth system due to winds and currents described by the vector (hi, h2, h 3 ); the complex quantity h = (hi + ih2); the polar moment of inertia of the Earth, C, and the equatorial moment of inertia A, excluding the fluid core, which is assumed uncoupled from the mantle; the complex quantity Al =(AIi 3 + iAl2 3 ) which describes fluctuations in products of inertia asso ciated with the (ei,e 3 ) plane ( Fifth, the inertia terms on the left hand side of (1) (1) and (2), as is now routine, and by provid ing estimates of the inertia tensor terms on the left hand side, which is a promise for the future. In the case of LOD (equation 2), the prospects for success are excellent, because changes in even zonal Stokes coefficients perturb the precession rate of the satellite node (Lambeck, 1988 , Chapter 6). On the other hand, SLR data are unlikely to provide direct estimates of AI(t) at short periods because changes in the tesseral (non zonal) spherical harmonics do not perturb satellite orbital elements in a simple way. However, changes in AI(t) may be inferred from PM at long periods, because in this limit m(t) becomes directly proportional to AI(t). This is a consequence of the rate term dm/dt becoming small, and the likelihood that rela tive motion contributions, h(t), also diminish at long periods.
[.7]AI 3 (t)/C + h 3 (t)/(QC) = -m 3 (t)
Sixth, there is a developing synergy between geodetic technology and global numerical models of the atmosphere, oceans, and hydrologic cycle. The same air and water loads causing PM and LOD changes are now recognized as a major contributor to non-tidal, non-tectonic displacements at geode tic observatories (vanDam and Herring, 1994; Blewitt, 1994; vanDam et al, 1994) . Another air-water connection to geodetic positioning is via GPS-and VLBI-determined delay correc tions for tropospheric water vapor (MacMillan and Ma, 1994). With the impending proliferation of GPS receivers world-wide, these corrections should provide useful measures of atmo spheric water vapor for assimilation into global hydrologic and atmospheric models. Thus, global summaries of air and water distribution, now used to explain PM and LOD changes, will eventually improve the space geodetic methods by which PM and LOD are observed, and, in turn, will benefit from new water vapor data provided by the geodetic stations.
PM and LOD at Periods Less Than a Few Years
The spectrum of LOD variations at periods of a few years and less shows a continuum of variations with peaks at the sea sonal frequencies (1, 2, 3 The results summarized above confirm that air and water are the cause of virtually all PM and LOD changes at periods shorter than a few years, but many details of mass and momen tum exchange among the three constituents, earth, air, and wa ter, remain unknown or poorly understood. Numerical models of the climate and oceans will play a central role in understand ing PM and LOD variations, and the processes of mass and mo mentum exchange. Conversely, Earth rotation observations should contribute to numerical model development by provid ing global measures of momentum and mass redistribution over a continuum of short to long time scales.
LOD and PM at Longer Periods
At periods longer than a few years, extending to many tens of years, the so-called 'decadal variations', the sources of exci tation for both LOD and PM are more enigmatic. The difficulty is that at these periods other effects may be important, includ ing visco-elastic behavior such as post-glacial rebound, and exchange of angular momentum with the fluid core. In particu lar, it has become common to invoke the core as the major cause of decadal LOD changes. Although some climatic forc ing of long period LOD has been recognized, (Salstein and Rosen, 1986; Eubanks, 1993) , it is uncertain at what time scale air and water become less important than the core. Unfortunately, the role of the core remains largely unquali fied because it is too remote to be easily observed. A further difficulty in assessing the air/water role at long periods is that the torques required to cause decadal LOD variations are utterly insignificant when compared with those applied by the atmo sphere at shorter time scales (Hide and Dickey, 1991). This means that atmospheric/oceanic torques of geodetic signifi cance are of second-order importance in general circulation studies. Quantification of momentum budgets among Earth, air, and water reservoirs is thus lacking at long periods. The requirements for progress in this field coincide completely with the central problems of global climate change.
Long period PM is conveniently divided into a linear drift, probably a post-glacial rebound effect (Wu and Peltier, 1984) plus irregular motions with periods of years to decades. The postglacial rebound effect provides some constraint on ice loading and rheological models of the earth, (Peltier and Jiang, 1994) but surface geodetic measurements are likely to be perhaps more effective in constraining the time and space distributions of recent glacial ice loads (Mitrovica et al, 1994) . Neglecting the core, it is likely that the irregular decadal PM superimposed on the drift is forced by long term variations in water mass distribution, although the details re main obscure. Decadal PM is clearly polarized along the same longitude that would result from a global rise or fall in sealevel (Chao and O'Connor, 1988). However, the implied sealevel variations, ten or so centimeters over decades, are larger than those inferred from coastal tide gauges (Eubanks, 1993; Wilson, 1993) . Storage in terrestrial water reservoirs is a likely contributor, but only surface storage has been accessi ble to observation. However, the potential contribution of surface reservoirs, alone, is surprisingly large (Chao, 1988). World-wide, subsurface (aquifer) water storage exceeds that in surface reservoirs and may be more important (Kuehne and Wilson, 1991). Another aspect of terrestrial water storage is the balance of water stored in glacial ice. At the present time, earth rotation variations (both PM and LOD), coupled with SLR-determined gravity field changes, provide better con straints on ice balance than do field observations by glaciologists (Trupin, 1993) . This condition will probably persist un til the development of remote sensing methods for ice sheet monitoring (Schutz and Zwally, 1993 ).
Summary
The significance of the study of Earth rotation variations in modern geophysics is four-fold:
Modern space-geodetic Earth rotation observations provide access to globally integrated properties of the Earth system (total absolute angular momentum of air and water) over a range of periods. These observations provide not only a unique measure of long period fluctuations, normally thought of as global change, but also of the temporal continuum of such variations to periods as short as a few hours.
The nature of Earth rotation changes as integral measures of variability is unusual. Most surface and many satellite remote sensing observations of the Earth system record variations at isolated locations and times. Only a few measurements, in cluding variations in the Stokes coefficients and Earth rota tion changes, offer genuinely global measures.
Earth rotation studies are interdisciplinary, requiring the application and development of technology, theory, and ob servational programs in a variety of fields. Excellent space geodetic data are the product of many independent efforts, in cluding: international cooperation; military-driven programs on positioning and laser tracking; fundamental radio astron- 
